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We study the decohering influence of measurement per-
formed locally on some region of a distributed quantum sys-
tem. We demonstrate that the local decohering perturbation
exerted on the measured region can propagate over the system
in the form of decoherence wave. This process refers to the
local properties at dierent points inside the system, and is
fundamentally dierent from such processes as the wave func-
tion collapse, which concern the properties of the system as
a whole. As an example, we consider the gas of bosons form-
ing Bose-Einstein condensate. We show that the decoherence
propagation in ideal Bose-gas is a diusion process, while in
the gas of weakly interacting bosons it is a wave traveling
with the sound velocity. The results obtained can be checked
in real experiments using, e.g. the Bose-gas of supercooled
trapped ions.
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Theory of quantum measurement founded [1] as early
as in the end of 1920ths still remains in the focus of in-
terest of physicists (see, e.g. [2,3] and references therein).
The act of measurement leads to a \reduction of a wave
function" of a quantum system, which is an instant event
embracing the whole system at once and propagating
through the system with innite velocity. This impres-
sive quantum eect, widely known as Einstein-Podolsky-
Rosen paradox, demonstrate peculiar properties of quan-
tum correlations which have been a subject of much con-
troversy [4], and have lead to a deep revision of phylo-
sophical foundations of physics.
Unitary evolution of a system prepared initially in a
pure quantum state is interrupted by the measurement.
The system experiences sudden decohering action of the
measuring apparatus, the density matrix describing an
ensemble of such systems changes radically (it suddenly
ceases to be a projection operator) and entropy rises in-
stantly. These eects are very well known, they are char-
acteristic for any kind of quantum system. What is most
important, they describe the changes experienced by the
system as a whole, i.e. the changes of global properties
of quantum systems. However, for a distributed quan-
tum system a natural question arises: what happens with
a distributed system subjected to a local measurement?
How internal properties of one region of the system are
aected by a measurement performed on some other re-
gion? Indeed, local measurement is a real physical action
exerted on some region of the system. Due to this action,
the measured region of the system changes its physical
state and appears to possess other physical properties
than the rest of the system. Further evolution of the
measured region, in general, aects other regions, e.g.
due to interactions present in the system, so that the de-
cohering influence of the local measurement can propa-
gate through the system in the form of decoherence wave.
Therefore, apart from the wave function collapse, which
is not caused by any interactions in the system and is an
instant event, there are real physical eects of propaga-
tion of the perturbation induced by measurement. These
eects constitute the subject of the present paper.
Along with being interesting from the fundamental
point of view, the phenomenon of decoherence propa-
gation can be also of crucial importance for design of
quantum computers. Such a computer is a system of
interacting quantum entities, representing quantum bits
(qubits). Fault-tolerant procedures of quantum compu-
tations involve measurements performed on some qubits
and it is important to know how it may aect the states
of other qubits [5]. Moreover, decoherence is introduced
by a dissipative environment of qubits, so that analysis of
decoherence propagation can provide pathways to mini-
mize unwanted impacts on performance of the computer.
A good example of a distributed system in a pure
quantum state is Bose-Einstein condensate of an ideal
or weakly non-ideal gas of bosons. Such a system can be
implemented experimentally as a gas of trapped atoms
cooled down to very low temperatures [6]. Suppose we
measure the number of particles in some region of space,
e.g. by focusing X-ray beam in this region and study-
ing the scattering cross-section. If two measurements are
done simultaneously at two dierent parts of the trap
we obtain the trivial result corresponding to the ground-
state wavefunction of the condensate. But if the second
measurement is carried out after some delay then its re-
sults change, visualizing the propagation of the perturba-
tion introduced by the rst measurement. In such form,
the eects considered here can be, in principle, investi-
gated in real physical experiments.
To study quantitatively the eect of decoherence prop-
agation, let us consider rst an ideal Bose-gas conned
by external elds and described by the Hamiltonian H .
Let us denote the one-paricle wavefunctions as ϕµ(r)
and corresponding one-particle energies as Eµ, where
µ = 0 stands for the ground state having minimal energy
E0 = 0. Introducing the boson creation and annihilation
operators αyµ and αµ, the ground-state eigenfunction of








where j0i is the vacuum state. For simplicity, we can
consider the ion trap as being divided into a large number
Nc of small cells each having the volume V0 (it can be
considered as the volume of the region where X-ray beam
is focused), satisfying the relation V0  V , where V is
the total volume of the trap. Then, the coordinate r
is understood as a discrete quantity (the number of a
cell). This is similar to a general practice of solid-state
theory, where V0 is analogous to the volume of elementary
cell of the crystal [7]. Note that in so doing, we restrict
the number of one-particle states, so that this number
is equal to Nc, which is nite, though very large. This
corresponds to the fact that the number of states inside
the rst Brillouin zone equals to the number of lattice
cells.
At the instant t = 0 we perform measurement of the
number of bosons in the cell r = 0. This observable is





is the boson eld operator. Eigenvalues of the operator
N are n = 0, 1, 2... and, suppose, the measurement has
given us one of them. It corresponds to the action of the
operator Wn on the system, where






Further development of the system is to be described by
density matrix of the system U(t), since the measurement
interrupts unitary evolution and casts the system into
mixed quantum state. According to the standard theory





exp (−iHt)WnUinW yn exp (iHt), (4)
where Uin = jΨihΨj is the density matrix before the mea-
surement.
To trace propagation of decoherence in the system, we
study evolution of the one-particle density matrix





This quantity is a very suitable tool for our investigation
describing local properties of Bose-Einstein condensate.
In particular, average number of particles resulted from
second measurement, which is performed at the point r
at the instant t, is given by the value ρ(r, r, t).
To simplify calculations, we use the fact that the total
number of particles is large, M  1, so that operators
α0 and α
y
0 acting on the state jΨi can be replaced by
the number
p
M with relative accuracy 1/
p
M ; this is
a standard approximation in the theory of Bose-Einstein
condensation [9]. Therefore, Eq. (2) can be rewritten as
a(r) =
√




where nB(r) = Mϕ20(r) is the average number of con-
densate particles contained in the volume V0 at the cell
r. The expression for the one-particle density matrix can
be written as
ρ(r, r0, t) =
1∑
n=0
ρn(r, r0, t), (7)
ρn(r, r0, t) = hΨjW ynay(r0, t)a(r, t)WnjΨi,
where a(r, t) = exp (iHt)a(r) exp (−iHt). Operator
product in Eq. (7) is to be ordered normally, i.e. it is
to be rewritten in such a way that all ay stand to the left
of all a in each term of Taylor series expansion. In so







−iEµt  g(r,t). (8)
Note that for a system containing a large number of par-







with accuracy of order of 1/M , since G(r, t) = g(r, t) +
ϕ0(r)ϕ0(0). Having the calculations done, we obtain










where n0 = nB(0), and pn = e−n0 nn0 /(n!) is Poisson dis-
tribution function. Summation over n can be performed
explicitely, yielding the answer







nB(r0)n0 + 2n0G(r0, t)G(r, t).
The result (11) for one-particle density matrix demon-
strates that the measurement made at the point r =0 pro-
duces a decohering perturbation which propagates gradu-
ally over the whole trap in the form of decoherence wave.
Temporal behavior of this propagation is governed by
the Green’s function G(r, t). For the gas consisting of
free Bose-particles of mass m [8]











at the distances r  V 1/30 , i.e. the decoherence propaga-
tion is a diusion process.
For understanding of the results, it is important to
realize that the measurement constitutes a strong real
physical action applied to the system, accompanied, for
example, by a nite (and rather large) amount of energy





Eµ jϕµ(0)j2 , (13)
where we have to take into account the fact that the
number of wavefunctions ϕµ is nite and equal to the
number of cells Nc = V/V0 in the volume of the trap.
Also, the entropy of the system is raised; being initially




pn ln pn, (14)
what is physically very clear.
Therefore, the results obtained can be qualitatively
interpreted as follows. The measurement performed at
r = 0 means that the measurement apparatus (what-
ever it is) localizes some number of particles within the
cell r = 0. The particles aected by the measurement
acquire rather large momenta, of order of h/V 1/30 ; the
average number of such particles is n0 = nB(0). Im-
mediately after being localized, these particles start to
propagate over the trap, and their propagation is gov-
erned by the Green’s function (12), i.e. it constitutes a
diusion process. Of course, because of indistinguishabil-
ity of particles in the trap, we can not say that these are
\the same" particles which has been measured at r = 0,
so that the eect we consider is not a motion of some
well-separated particles in the trap, but rather it is prop-
agation of the decohering influence of the measurement
through the system.
Another interesting feature of the decoherence propa-
gation eect can be illustrated best by the gas of Bose-
particles trapped in a parabolic external potential, so
that each particle is represented by an isotropic harmonic
oscillator of eigenfrequency Ω. In this case, provided that
r  V 1/30 and V0  (h/Ω)3/2  V , the Green’s function
has the form [8]












where the particles are assumed to have unitary mass.
This function is periodic in time with the temporal period
2pi/Ω. Therefore, the decoherence propagation is also ex-
actly periodic in time with the same period. In the gen-
eral case of Bose-gas trapped in a nite volume and/or ar-
bitrary potential, the decoherence propagation becomes
a quasiperiodic process, according to Eq. (8). Moreover,
the periodicity (or quasiperiodicity) is destroyed due to
the decohering influence of dissipative environment.
Up to now, we have considered the system of noninter-
acting bosons. How the process of decoherence prop-
agation changes if an interaction between particles is
present? To investigate this problem, let us study the
gas of weakly interacting bosons, (weakly non-ideal Bose-
gas), contained in a trap of large volume V . We assume
no external potential acting on the particles, so that the






where the normalization takes into account the fact that
the trap is divided into cells of volume V0  V . This


















where v(k) is the Fourier transform of the interaction po-
tential (which is assumed to be repulsion). Since the in-
teraction is small, new Bose operators can be introduced
according to Bogoliubov transformation
αk = ξk coshχk + ξ
y
−k sinh χk, (18)
αy−k = ξk sinhχk + ξ
y
−k coshχk,
with the parameters χk dened as
tanh 2χk = − v(k)nB
Ek + v(k)nB
, (19)
where nB is the average number of particles belonging
to Bose-Einstein condensate contained in the volume V0.
Provided that the interaction is small (or the gas density
M/V is small), almost all particles belong to condensate,
so we can take nB = MV0/V with relative accuracy of
order of
√
v(0)M/V [9]. By using Bogoliubov transfor-




E2k + 2Ekv(k)nB . (20)
Again, we consider dynamical behavior of one-particle
density matrix. The way of calculations remains essen-
tially the same as for ideal Bose-gas. In so doing, we
obtain the result:






[1 + (z − 1)G(r, t)] (21)
[1 + (z0 − 1)G(r0, t)]




where we used notations
X(z, z0) = B(zz0 − 1) + (1 −B)(z + z0 − 2) (22)
+A
[

































Note that for ideal Bose-gas A = 0 and B = 1, so that
the result (10) can be reproduced.
Again, we see that the decoherence wave propagating
in the system follows the dynamics of the Green’s func-
tion (24). Dynamic behavior of G(r, t) at large times
t and large distances r can be analyzed by the method
of stationary phase [10]. According to this method, the
value of the function G(r, t) at the point r at the instant
t is determined by those excitations which have a group
velocity u(k)  dωk/dk obeying the requirement
u(k) = r/t. (25)
The excitations with large wavevectors k are subject to
considerable damping [9], so that at large distances only
the undamped long-wavelength excitations determine the
dynamics of the Green’s function. These excitations rep-
resent sound propagating in Bose-gas with the velocity
c =
√
nBv(0)/m. Therefore, we conclude that the de-
coherence wave in a system of weakly interacting bosons
propagates with the sound velocity c.
This result can be interpreted in the same way as the
appearance of the diusion decoherence wave in ideal
Bose-gas. The measurement aects the particles situated
at r =. Due to the interparticle interaction, the decoher-
ing perturbation exerted on these particles is transferred
to other regions of the system. This transfer of deco-
herence is governed mainly by the undamped excitations
present in the system, i.e. by the long-wavelength exci-
tations propagating with the sound velocity c.
Summarizing, we study the decohering influence of lo-
cal measurement performed on a distributed system situ-
ated initially in a pure quantum state. We show that the
decohering perturbation exerted on the measured region
can propagate over the system by forming the decoher-
ence wave. Propagation of the decoherence wave is a
dynamic process refering to the local properties at dier-
ent points of the system, it proceeds with nite velocity
and is caused by real physical interactions. It is funda-
mentally dierent from such processes as wave function
collapse, which characterize the change of the system as
a whole, occur right at the instant of measurement, and
propagate over the system with \innite" velocity. Con-
sidering Bose-Einstein condensate as an example of the
distributed quantum system, we nd that the decoher-
ence propagation is governed by the dynamical behav-
ior of the Green’s function of the system. Therefore,
in ideal Bose-gas decoherence propagates via diusion,
while in the gas of weakly interacting bosons the deco-
herence wave travels the sound velocity. The results ob-
tained can be checked in real experiments using, e.g. the
Bose-Einstein condensate of trapped ions cooled down to
very low temperature.
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